Xu X, Chen CN, Arriaga EA, Thompson LV. Asymmetric superoxide release inside and outside the mitochondria in skeletal muscle under conditions of aging and disuse. J Appl Physiol 109: 1133-1139 , 2010 . First published August 5, 2010 doi:10.1152/japplphysiol.00174.2010.-Superoxide released from mitochondria forms reactive oxygen species that can cause severe oxidative damage and have been associated with aging-and disuse-induced muscle dysfunction. Superoxide is released to both the exterior and the matrix of mitochondria, where oxidative damage is not necessarily the same. This complicates determining the role of mitochondrial superoxide in eliciting oxidative stress in skeletal muscle. A newly developed capillary electrophoretic method analyzes hydroxytriphenylphosphonium ethidium, a superoxidespecific product of triphenylphosphonium hydroethidine, released to outside the mitochondria (supernatant) and retained in the matrix (pellet). In this study, we investigated the mitochondrial superoxide production of soleus (type I) and semimembranosus (type II) muscles of Fischer 344 rats affected by aging (13 vs. 26 mo) and disuse (hindlimb unloading). In agreement with previous studies, overall superoxide production increased with aging and disuse. On the other hand, the new experimental method revealed that superoxide production outside the mitochondria of the soleus does not show a significant age-related increase. Another observation was that the superoxide production increase in the matrix occurs earlier (7 days of disuse) compared with the outside mitochondria (14 days of disuse) in both muscle types. These findings indicate that superoxide release is complex as it occurs asymmetrically at both sides of the mitochondrial inner membrane, and that such release has muscle type and temporal specificity. These findings are important to refine current concepts on oxidative stress associated with muscle aging and disuse. triphenylphosphonium; hindlimb unloading; capillary electrophoresis; superoxide; aging; muscle; soleus; semimembranosus MITOCHONDRIA are the major sources of superoxide production in skeletal muscles (34), where superoxide is released asymmetrically to both sides of the mitochondrial inner membrane, forming two separate superoxide pools (in the matrix and outside of the mitochondria) due to the impermeability of the inner membrane to superoxide anion (24, 32). The produced superoxide in the respective compartments may ultimately be transformed into highly reactive radicals such as hydroxyl radical and peroxynitrite, which cause the oxidative damage and lead to the oxidative stress (4, 26).
MITOCHONDRIA are the major sources of superoxide production in skeletal muscles (34), where superoxide is released asymmetrically to both sides of the mitochondrial inner membrane, forming two separate superoxide pools (in the matrix and outside of the mitochondria) due to the impermeability of the inner membrane to superoxide anion (24, 32) . The produced superoxide in the respective compartments may ultimately be transformed into highly reactive radicals such as hydroxyl radical and peroxynitrite, which cause the oxidative damage and lead to the oxidative stress (4, 26) .
The production of mitochondrial superoxide has been associated with increased oxidative stress during muscle aging and disuse, characterized by accumulation of damaged DNA, oxidized proteins, peroxidized lipids, enhanced production of oxidants, and adaptation of antioxidant systems (2-3, 6, 8 -11, 14, 17-18, 20 -22, 25, 31, 33) . Several studies have been conducted to determine the production of reactive species with muscle aging and disuse (2, 8, 17, 19 -20, 25) , where either total reactive oxygen species (ROS) or superoxide in both pools (2, 19 -20) or the superoxide released outside of the mitochondria (17) was measured. Although these studies show increased ROS and superoxide production with muscle aging and disuse, it is unknown whether the production of superoxide in each pool (in the matrix or outside the mitochondria) is different. We hypothesize that both hindlimb unloading (HU) (a form of disuse) and aging induce the production of mitochondrial superoxide and the effect of HU is dependent on the age of animals. Furthermore, such effects will be different at both sides of the mitochondrial inner membrane. To test such hypothesis, methods with the ability to determine simultaneously the superoxide production at both sides of the mitochondrial inner membrane are desired.
Recently, we developed a novel approach for the indirect determination of the superoxide production in the matrix and outside of the mitochondria (36) . After incubation of isolated mitochondria with triphenylphosphonium hydroethidine (TPP-HE), differential centrifugation separates the supernatant and the pellet containing the superoxide-specific product hydroxytriphenylphosphonium ethidium (OH-TPP-E ϩ ) released outside and in the mitochondrial matrix, respectively. Micellar electrokinetic chromatography with laser-induced fluorescence detection (MEKC-LIF) is then used to determine the OH-TPP-E ϩ contents in the supernatant and the pellet (28) . Other advantages of this approach are low limits of detection (ϳ10 Ϫ18 mol), short separation times (ϳ3 min), and small sample consumption (ϳ10 Ϫ9 liter) (36) . In this report we used the new method to detect superoxide production inside and outside of the mitochondria of rat soleus (type I) and semimembranosus (type II) muscles in response to muscle aging and disuse. Importantly, we discovered that superoxide outside mitochondria does not increase with aging in the soleus and that the onset of increased superoxide production with inactivity occurs earlier in the matrix than outside the mitochondria of both type I and type II muscles.
METHODS

Animals and HU.
Nineteen male Fischer 344 rats ages 13 mo (100% strain survival; n ϭ 10) and 26 mo (25% strain survival; n ϭ 9) were purchased from the Minneapolis Veterans Affairs Aged Rodent Colony (University of Minnesota). These rats were randomized into three groups: normal weight bearing (control), HU for 7 days, and HU for 14 days. The HU intervention was achieved as described previously (6 -7) . Briefly, the tail of the rat was attached to a swivel mounted at the top of the cage. The height of the suspension was adjusted to prevent the hindlimbs from contacting the floor, which permitted animals to move with their forelimbs while the hindlimbs were unloaded. All the animals were housed in a research animal facility and were checked daily for any abnormal response to suspension. The protocol of this study was approved by the University of Minnesota Institutional Animal Care and Use Committee.
Mitochondrial preparation. Mitochondria were isolated from soleus and semimembranosus skeletal muscle following previously reported procedures (23, 36) . Briefly, the muscles were minced into small pieces with scissors and washed three times with ice-cold isolation buffer (50 mM Tris·HCl, 100 mM sucrose, 100 mM KCl, 1 mM KH 2PO4, 0.1 mM EGTA, and 0.2% wt/vol BSA, pH 7.4). The minced muscles were resuspended in ice-cold isolation buffer (10 ml/g tissue) supplemented with 0.2 mg/l Nargarse and incubated for 1 min. Then the minced tissues were homogenized using a Potter-Elvehjem homogenizer and the homogenate was centrifuged at 700 g for 10 min at 4°C. The supernatant was then centrifuged at 10,000 g for 10 min at 4°C. The obtained mitochondrial pellet was resuspended in ice-cold isolation buffer and washed two more times. The protein concentration of the isolated mitochondria was determined by the bicinchoninic acid (BCA) assay. Respiratory control ratio (RCR) was used to assess the quality of the mitochondrial preparation. Oxygen consumption of isolated mitochondria was measured using a FOXY-R Oxygen Sensor (Ocean Optics Dunedin, FL) and RCR value calculated as the ratio of oxygen consumption rate at state 3/state 2. The RCR values of mitochondria isolated from skeletal muscles were ϳ5, indicating that the freshly isolated mitochondria were actively respiring. The membrane potential of isolated mitochondria was measured using a TPP ϩ -selective electrode (World Precision Instruments, Sarasota, FL).
Sample preparation and MEKC-LIF analysis of OH-TPP-E ϩ . Isolated mitochondria were incubated with 5 M TPP-HE (Mito-SOX red, Invitrogen, Carlsbad, CA) in the respiration buffer (10 mM HEPES, 125 mM KCl, 5 mM MgCl2, and 2 mM K2HPO4, pH 7.4) supplemented with 5 mM pyruvate/malate for 30 min at 37°C. After incubation, mitochondria were pelleted down by centrifugation at 10,000 g for 10 min. The supernatant was used to determine the amount of OH-TPP-E ϩ outside the mitochondrial inner membrane by MEKC-LIF (Fig. 1) . Separately, the mitochondrial pellet was dissolved in mitochondrial lysis buffer (40 mM Tris·HCl, 6 mM MgCl 2, and 0.5% wt/vol Triton X-100, pH 9.4) aided by sonication for 5 min (Branson ultrasonic cleaner, model 1510), then treated with 2 mg/ml proteinase K for 45 min and subsequently 400 U/ml DNase 1 for 15 min at 37°C to digest the mitochondrial DNA. The resultant dissolved mitochondrial pellet was analyzed by MEKC-LIF to determine the amount of OH-TPP-E ϩ in the mitochondrial matrix. The MEKC-LIF instrument used in this study has been described previously (36) . The 488-nm line of an argon-ion laser (Melles Griot, Irvine, CA) was used for excitation and the fluorescence was selected in the 635 Ϯ 27.5 nm range using a band-pass filter (635DF55, Omega Optical, Brattleboro, VT). Separations were carried out using 50-m ID, 150-m OD fused silica capillaries (Polymicro Technologies, Phoenix, AZ) at Ϫ400 V/cm in MEKC running buffer (10 mM borate and 1 mM CTAB, pH 9.4). Samples were injected by a 1-s hydrodynamic injection at 10.7 kPa, which introduced 3.8 nl of the sample into the capillary. A 5-min wash with running buffer was performed between runs.
Data analysis. Data were presented as mean Ϯ standard error of the mean (SE). The MEKC data were analyzed using Igor Pro software (Wavemetrics, Lake Oswego, OR) and the peak areas of OH-TPP-E ϩ were normalized to mitochondrial protein concentration (1 mg/ml). Standards of OH-TPP-E ϩ and TPP-E ϩ were synthesized and purified following a previously described procedure (40) . MEKC-LIF analysis of these standards provided the peak areas needed to build a calibration curve and the calculation of the concentrations of OH-TPP-E ϩ and TPP-E ϩ in the samples that were analyzed. Two-way ANOVA was used to determine the effect of aging and hindlimb unloading on the net mitochondrial superoxide production in both mitochondrial matrix and outside of the mitochondrial inner membrane of soleus and semimembranosus muscles. Tukey's honest significant difference test was used as a post hoc test when the main effect of aging or HU was significant (P Ͻ 0.05).
RESULTS
Superoxide released into the mitochondrial matrix of the soleus muscle. TPP-HE permeates the mitochondrial inner membrane and reacts with superoxide in the matrix to form the superoxide product, OH-TPP-E ϩ ( Fig. 1, A and B) . This product is then detected in the mitochondrial pellet by MEKC-LIF (Fig. 1C) . The accumulation of this product in the matrix indicates that the superoxide production in the matrix changed with both HU (2-way ANOVA, P Ͻ 0.001) and aging (2-way ANOVA, P ϭ 0.003); the effect of HU was independent of age ( Fig. 2) .
In adult rats, the amount of OH-TPP-E ϩ in the soleus muscle with 14 days of HU was 1.53-fold of the amount in the muscle with 7 days of HU, which was 3.1-fold of the value seen in the muscle with normal weight bearing (control group). In old rats, the amount of OH-TPP-E ϩ in the muscle with 14 days of HU was 1.58-fold of the amount in the muscle with 7 days of HU, which was 3.3-fold of the value in the muscle with normal weight bearing.
Aging also changed the superoxide production in the matrix. The soleus muscle from old rats had 30% greater amount of superoxide product than did the muscle from adult rats.
Superoxide released outside of the mitochondrial inner membrane of the soleus muscle. TPP-HE that remains in the outside of the mitochondrial inner membrane reacts with superoxide there to form OH-TPP-E ϩ (Fig. 1, A and B) . This product is then detected in the supernatant by MEKC-LIF (Fig.  1C) . As expected the accumulation of this product outside the mitochondria indicates that superoxide production changed with HU (2-way ANOVA, P Ͻ 0.001) but did not statistically change with aging (Fig. 3) .
In adult rats, the amount of superoxide OH-TPP-E ϩ in the muscle with 14 days of HU was 3.5 and 1.6 times the values seen in the muscle with normal weight bearing and 7 days of HU, respectively. In old rats, the amount of superoxide product in muscle with 14 days of HU was also greater than the values seen in the muscle with normal weight bearing and 7 days of HU.
Superoxide released into the mitochondrial matrix of the semimembranosus muscle. Following the procedures described above for the soleus muscles, we investigated superoxide production in the matrix of the semimembranosus muscle. In the matrix of this muscle the superoxide production changed with hindlimb unloading (2-way ANOVA, P Ͻ 0.001) and aging (2-way ANOVA, P ϭ 0.008); the change with HU was not age specific (Fig. 4) .
In both adult and old rats, the amount of OH-TPP-E ϩ in the muscle with 14 days of HU was greater than the values seen in the muscle with 7 days of HU (1.46 times the 7-day value in Fig. 2 . Superoxide production (OH-TPP-E ϩ amount) in the mitochondrial matrix of the soleus muscles from rats with normal weight bearing (control), 7 days of hindlimb unloading (7d HU), and 14 days of HU (14d HU). Values are means Ϯ SE. Effect of HU was independent of age. the adult and 1.33 times the 7-day value in the old), which were also greater than those in the muscle with normal weight bearing (1.6 times in the adult and 2.2 times in the old, respectively).
The superoxide production in the matrix of the semimembranosus also changed with aging. The semimembranosus muscle from old rats had 40% greater amount of OH-TPP-E ϩ than the value seen in the muscle of adult rats.
Superoxide released outside of the mitochondrial inner membrane of the semimembranosus muscle. Next we investigated superoxide production outside the mitochondria of the semimembranosus muscle. The superoxide production here changed with HU, and the change was age dependent (age ϫ HU, P ϭ 0.011) (Fig. 5) .
In adult rats, the amount of superoxide product in the muscle with 14 days of HU was 2.4-fold of the value seen in the muscle with normal weight bearing. In old rats, the amount of superoxide product in muscle progressively increased. The increased value was 2.3-fold with 7 days of HU and 3.6-fold with 14 days of HU compared with the normal weight bearing value.
In addition to disuse, the superoxide production was also affected by age outside the mitochondria of the semimembranosus. The amount of OH-TPP-E ϩ in the muscle was 90% higher in old rats compared with the amount in adult rats.
DISCUSSION
Overview of main findings. We investigated the effect of muscle aging and disuse (hindlimb unloading) on the net mitochondrial superoxide production at both sides of the mitochondrial inner membrane. The mitochondria were isolated from two muscles, the soleus and semimembranosus, which are composed predominantly of type I and type II fibers, respectively. The method for detecting superoxide is based on the reaction of TPP-HE with superoxide, and the separation and detection of the formed superoxide product OH-TPP-E ϩ by MEKC-LIF.
In mitochondria, superoxide is mainly released by complexes I and III in the mitochondrial electron transport chain (ETC) (Fig. 1) (26) . Complex I releases superoxide exclusively into the mitochondrial matrix while complex III releases superoxide toward both sides of the mitochondrial inner membrane. The impermeability of the inner membrane to superoxide defines two separate superoxide pools, inside and outside of the mitochondria, each with different potential cellular effects (24, 32) . The superoxide released in the matrix and the intermembrane space could cause damage to iron-sulfur proteins by direct oxidation in the respective compartments (26) . The superoxide in these two environments can be further transformed into hydrogen peroxide by Mn-superoxide dismutase (SOD) and Cu,Zn-SOD, respectively, which then subsequently reacts to form the highly reactive hydroxyl radical (4). In the presence of nitric oxide, the superoxide forms a highly reactive nitrogen species, peroxynitrite (26) . All the superoxide and its derivative radicals can cause severe damage to proteins, nucleic acids, and phospholipids (4, 26) , thereby leading to oxidative stress, and such damage is possibly linked to accumulation of dysfunctional mitochondria in muscle.
The production of reactive species with muscle aging and disuse has been measured in several studies, including the detection of total ROS and superoxide production (2, 8, 17, 19 -20, 25) . The measurement of total ROS production is generally based on the oxidation of dichlorofluorescein (2, 8, 20) , which is a nonspecific probe possibly oxidized by species other than ROS such as metal centers and oxidized thiols within the cells (1). The measurement of superoxide production is based on either the reaction of cytochrome c with superoxide released outside the mitochondria (19) , or an indirect assay that measures the levels of hydrogen peroxide converted from total superoxide within both pools by SOD (17) . Although these methods are commonly used, they are not able to reveal simultaneously the separate changes in the production of superoxide at both sides of the mitochondrial inner membrane.
In this study we used a recently developed approach for the indirect determination of mitochondrial superoxide production, both inside and outside the mitochondria, which has advantages of short separation times, low limits of detection, and small sample capability (36) . The method is not biased by OH-TPP-E ϩ binding and/or crossing of the mitochondrial inner membrane (36) , or affected by radical formation due to sonication of the mitochondrial pellet as previously observed by others (39) because the sonication conditions used here are milder (see Supplementary Material, Part 1, available with the online version of this article). A salient feature of this qualitative method is that the TPP-HE probe accumulates within mitochondria due to the mitochondrial membrane potential, which results in a favorable reaction with superoxide vs. superoxide dismutation by SOD.
The membrane potential of isolated mitochondria from both adult and old groups was found to be ϳ 119 mV (n ϭ 6), which based on the Nernst equation increases 100-fold the TPP-HE concentration in the matrix relative to the medium (30) . Since the volume of mitochondria in a typical mitochondrial preparation (e.g., 0.1 mg/ml protein) is only ϳ0.01% of the medium volume (36) , the TPP-HE concentration in the medium would only decrease by ϳ1%. On the other hand, a variation in membrane potential between the mitochondrial samples can cause different uptakes of TPP-HE in the mitochondria and therefore affect the production of OH-TPP-E ϩ (37) . In this study, no significant difference in mitochondrial membrane potential was found between two age groups (121 Ϯ 3 mV in the adult vs. 117 Ϯ 4 mV in the old, n ϭ 3), indicating that age may not affect the mitochondrial membrane potential. Similar results were found among groups in the presence and absence of disuse (data not shown). More importantly, a 3-to 4-mV variation in membrane potential would only result in an uncertainty of ϳ11-15% in TPP-HE accumulation, which is smaller than the changes in OH-TPP-E ϩ (i.e., ϳ50%-200%) observed under the various experimental conditions of this study. Therefore, although variations in probe accumulation due to variations in the mitochondrial membrane potential result in variations in OH-TPP-E ϩ levels, the measurement of membrane potential indicates that this factor is not responsible for the trends in superoxide production observed in this study.
The superoxide levels in the matrix and outside mitochondria were monitored separately by observing their respective OH-TPP-E ϩ levels (e.g., 25 Ϯ 14 and 16 Ϯ 9 amol/mg mitochondrial protein in the adult soleus muscle, respectively; Figs. 2 and 3) . Given that TPP-HE is expected to be at greater concentrations in the matrix than outside the mitochondria, at first review it is surprising that the OH-TPP-E ϩ levels at both sides of the mitochondrial inner membrane are comparable. However, it is important to consider that superoxide levels and consequently OH-TPP-E ϩ levels are also modulated by SODs present in these two distinct locations (Fig. 1) . Mn-SOD is more abundant in the matrix (i.e., 30 M) whereas Cu,Zn-SOD, located outside the mitochondria, is less abundant (i.e., 6 M) (5, 27) . Moreover, some studies report that there is no detectable activity of the Cu,Zn-SOD in isolated mitochondria (15, 16) . Hence, Mn-SOD is likely more effective at reducing superoxide levels in the matrix compared with Cu,Zn-SOD outside the mitochondria. Collectively, the combined effects of membrane potential and relative SODs activities prohibit a direct comparison between the OH-TPP-E ϩ levels in the matrix and outside the mitochondria, while the values observed here are coincidentally similar.
Besides the reaction with superoxide to form OH-TPP-E ϩ , TPP-HE is known to react with other intracellular oxidative species (e.g., cytochromes) to form TPP-E ϩ and dimeric products of TPP-HE and TPP-E ϩ (37-38). These reactions proceed via the formation of a common intermediate radical and have the potential of depleting TPP-HE, thereby affecting the competitiveness of this probe for superoxide. Given the experimentally observed levels of TPP-E ϩ and the TPP-HE concentrations outside the mitochondria and in the matrix (i.e., predicted to increase ϳ100-fold relative to the outside) the TPP-E ϩ / TPP-HE ratios are ϳ4 ϫ 10 Ϫ7 and ϳ1 ϫ 10 Ϫ7 for the matrix and outside the mitochondria, respectively. Treatment of TPP-HE-loaded mitochondrial samples with chloranil (38) further confirmed these estimates (see Supplementary Material, Part 2, available with the online version of this article). Thus the formation of TPP-E ϩ would not dramatically change the initial concentration of TPP-HE during the 30 min of incubation. Dimerization is even less likely to contribute to reagent depletion because it is a second-order reaction. Furthermore, the measured TPP-E ϩ levels, either in the matrix or outside the mitochondria, are the same for controls and their respective samples under conditions of aging and disuse (see Supplementary Material, Part 2).
Based on kinetic arguments (see Supplementary Material), the OH-TPP-E ϩ formed from the reaction of TPP-HE with superoxide released into the mitochondrial matrix or outside the mitochondria is a relatively small fraction of H 2 O 2 formed by dismutation of superoxide by SODs. This fortuitous condition suggests that superoxide measurements with the TPP-HE probe do not drastically quench the production of H 2 O 2 by SODs, thereby making such measurements highly compatible with studies in which H 2 O 2 plays a key role. This feature would be highly beneficial to investigate the superoxide changes simultaneously with H 2 O 2 production and oxidative damage (e.g., carbonylation), which would further enhance our understanding of the role of compartmentalization of mitochondrial superoxide release in skeletal muscle under age-related and disuse-related conditions.
Effect of aging on the mitochondrial superoxide production in skeletal muscle. Aging has been associated with increased oxidative stress in skeletal muscle, characterized by accumulated oxidized proteins, damaged DNA, lipid peroxidation, and enhanced production of oxidants (3, 9 -10, 25) . In this study, we investigated the superoxide production inside and outside of the mitochondria of soleus and semimembranosus muscles. In most cases, superoxide production increased at both sides of the mitochondrial inner membrane with age. These results suggest that the oxidative stress is greater in muscles of old rats than adult rats, which is consistent with the reported increased oxidative stress with aging (3, 9 -10, 19, 25) .
Interestingly, the superoxide production outside the mitochondria of soleus muscle was not different between adult and old rats. This observation is surprising because the total superoxide production in the soleus is expected to parallel agerelated increase in oxidative stress in this muscle type. Absence of change in the superoxide production outside mitochondria may also be indicative of an increase of Cu,Zn-SOD activity (i.e., located outside the mitochondrial inner membrane). However, it has been reported that Cu,Zn-SOD activity does not change in type I muscle with aging (6, 11) . Thus the changes in superoxide production inside the mitochondria appear to play a critical role in age-related oxidative stress in this muscle type. This observation could not have been made in previous studies that are based on total ROS/superoxide measurements (19, 25) .
Effect of HU on the mitochondrial superoxide production in skeletal muscle. There is strong evidence of increased oxidative stress with muscle disuse, characterized by increased protein oxidation as well as lipid peroxidation, and adaptation of antioxidants (14, 21, 22, 31) . Muscle disuse is also reported to induce higher production of reactive species including nitric oxide, hydrogen peroxide, and total ROS in muscles such as diaphragm, soleus, and gastrocnemius (2, 8, 17, 18, 20, 33) . Consistent with these findings, the results in this study show that muscle disuse (HU) is a stressful condition for both muscles in both age groups. Regardless of age, the superoxide production inside the mitochondria of both muscle types progressively increased with 7 and 14 days of HU.
In both muscle types, increased superoxide production with HU occurred earlier in the mitochondrial matrix compared with outside of mitochondria. Specifically, 7 days of HU was sufficient to detect significant increases in the matrix superoxide, while it took 14 days of HU to detect a significant change in superoxide outside of the mitochondrial matrix. These findings suggest that the early targets of HU-related oxidative stress are inside the mitochondria.
It has been reported that prolonged mechanical ventilation (an extreme form of muscle disuse) caused depressed activities of ETC complexes as well as increased production of oxidants in diaphragm muscle (17) , suggesting that muscle disuse may affect the ETC complex subunits associated with enzymatic activity and electron transfer. As aforementioned, complexes I and III in the mitochondrial ETC are the two main sites of superoxide production (26) . In complex I, several sites, including iron-sulfur clusters, flavine mononucleotide-containing flavoprotein, and semiquinone-binding sites, have been proposed as the superoxide production sites of this complex (4) . In complex III, superoxide production is believed to occur at the "o" center of this complex (24) . Inhibition of these complexes will induce superoxide production due to the block of the electron transfer through these sites (4, 24) . Thus it is possible that the affected subunits by muscle disuse (HU and other disuse conditions) are located downstream from the superoxide generation sites of complexes I and III, which will affect the electron transfer through these superoxide generation sites, thereby causing the accumulation of free radicals in these sites and consequentially the induction of superoxide production from ETC (4, 26) .
The increased superoxide production may even cause more damage to the proteins of these complexes as a vicious cycle (9), induce greater oxidative stress, and possibly bring about the accumulation of damaged mitochondria with defective function. Several studies have reported a decline in mitochondrial biogenesis with prolonged muscle disuse (e.g., limb immobilization and denervation), characterized by disrupted mitochondrial genomes expression, and reduced mitochondrial content and function (12, 13, 35) . Mitochondrial biogenesis involves the cellular processes both for mitochondrial synthesis and degradation (12) . So the decrease in mitochondrial biogenesis with muscle disuse suggests that damaged mitochondria are not able to be degraded and replenished effectively in disused muscles, which may cause an increased proportion of defective mitochondria and contribute to the elevated superoxide production in disused muscles.
A unique experimental observation that resulted from the use of the new methodology was that the increase in superoxide production outside of the mitochondria in the semimembranosus (type II muscle fibers) is age dependent. Superoxide production in relation to the controls is significant with 7 days of HU in old animals but does not show significant change until 14 days of HU in adult animals. This finding suggests that the components outside the mitochondria of semimembranosus muscle from old animals are more susceptible to the oxidative stress induced by HU than the adult muscle. The susceptibility of type II muscle to HU may be related to the greater age-related antioxidant system deterioration of this muscle type (29) .
In summary, we monitored the mitochondrial superoxide production inside and outside of the mitochondrial inner membrane with a new method based on MEKC-LIF. This method is able to reveal the unique response of each superoxide pool (inside or outside the mitochondria) to muscle aging and HU, which was not feasible in previous studies based on total ROS or superoxide measurements. The superoxide production in the mitochondrial matrix of both the soleus and semimembranosus of old rats was found greater than that of adult rats, whereas the production outside the mitochondria was unchanged between the two age groups in the soleus muscle. The superoxide production at either side of the mitochondrial inner membrane also increased with prolonged HU in both muscle types, while the increase occurred earlier inside the mitochondria (i.e., 7 days) compared with outside the mitochondria (i.e., 14 days) in soleus muscle (regardless of age) and semimembranosus muscle (adult rats). The results suggest that both aging and disuse are stressful conditions in inducing the production of mitochondrial superoxide in two muscle types, whereas the induction of superoxide production is different at either side of the mitochondrial inner membrane.
